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Abstract 
 Many deep space propulsion missions currently use ballistic trajectories to reach their 
destinations. To reduce the times of flight, electric or plasma based propulsion systems are used. 
While Hall Effect thrusters are the general standard for plasma propulsion, new technologies can 
enable shorter travel times. The Helicon Injected Inertial Plasma Electrostatic Rocket (HIIPER) 
is an attempt to create a new type of robust plasma propulsion solution and is the predecessor to 
a propulsion and power plant hybrid device, integrating two systems on a vessel to one. 
 Using an asymmetric Inertial Electrostatic Confinement (IEC) device as the plasma 
accelerator stage of HIIPER, plasma must escape the IEC in order to generate thrust or collect 
power by means of direct energy conversion. To that end, a simulation was designed and run 
developing the first step of a series of simulations to characterize and rapidly develop HIIPER. 
This simulation is built in COMSOL Multiphysics and investigates different methods of 
extracting ions from an IEC using a variety of electrostatic fields at the asymmetry of the IEC to 
characterize which types of fields result in the highest momentum transfer. 
The IEC is set to an 8 kV bias with the charged elements of extractors set to 6 kV. The 
outer shell and exit sampling domain is set to ground potential. Ions are introduced into the IEC 
perpendicular to the exit channel, reflecting similar conditions in the actual HIIPER experiment. 
Ions are introduced at 2 eV to characterize the IEC’s performance. Seven cases are studied using 
conceptual and actual ion extraction and focusing devices and it is discovered that using a 
quadruple helix extractor, two ground helices opposite each other perpendicular to two charged 
helices opposite each other, produces the highest relative momentum of all the cases at 2.36 
times the momentum achieved by using an asymmetric IEC without any plasma extraction 
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device. The focusing qualities of each device and the exit velocities of the ions are also 
computed. 
With this solution, further studies in the experimental phase are possible, as well as being 
the first step for developing ion-electron interaction simulations, which will be used to compare 
and verify plasma finite element simulations also in work using COMSOL with the goal of 
developing simulation tools that can be used to more rapidly iterate the design and progress of 
HIIPER. It may also be possible to use these results in other electrostatic plasma systems where 
magnetic fields may be undesirable as a means of focusing and extracting plasmas. 
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1 Introduction 
The objective of this thesis is to create a simulation for ion only motion in the asymmetric 
Inertial Electrostatic Confinement (IEC) stage of the Helicon Injected Inertial Plasma 
Electrostatic Rocket (HIIPER), and to use this simulation for a comparative study on different 
methods of ion extraction and collimation to determine the best way to generate thrust. The 
present work covers the development of the simulation, the motivation and reasoning behind 
assumptions made, and the comparison of current technologies used in ion collimation along 
with concepts to develop alternative ion extraction devices.  
This thesis describes the development of an ion only particle in cell simulation for the 
development of the Helicon Injected Inertial Plasma Electrostatic Rocket (HIIPER) Space 
Propulsion System, and then using it in a comparative study to determine the proper course of 
development for an ion extraction system. The simulation will be used as the basis of the 
production of future, more comprehensive simulations using particle-in-cell methods and plasma 
methods, some of which are already underway. In addition, this thesis aims to demonstrate that 
HIIPER is a viable new space propulsion system. What is highlighted here is the importance of 
having a conceptually sound simulation and show that rapid design iteration is possible with 
relatively little resources committed to the task. As an example of the simulation plans, Figure 
1.1 shows the milestones in the simulation branch of HIIPER’s development. 
The comparative study will be used to determine which extraction method would be the 
best suited for a particular expected operating mode of HIIPER where a majority of the particles 
in the system will be ions. There will be a review of past efforts to extract and collimate ions 
both with and without IECs present. Then a discussion about how these methods can be used and 
tested in this situation and what the benefits may be from the results. 
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Figure 1.1. Planned Map of HIIPER Development Focusing on  
IEC Particle Tracing Simulation Tasks 
 As shown in Figure 1.1, this work is the first step in a series of simulations to develop a 
particle tracing model that can perform comparable to a plasma based simulation already 
underway. The understanding gained from the particle extraction system of this work will be 
used in the ‘Design Iteration’ aspect of the HIIPER project, as both an ion-only and plasma case 
are considered as two independent modes of operation. Specifics about these modes are 
discussed following. 
1.1 Motivation 
The goal of the HIIPER Space Propulsion Group is to develop a variable specific 
impulse, high thrust system that can be used for deep space missions with a wide variety of 
payloads. In the long term, the Inertial Electrostatic Confinement (IEC) device acting as the 
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plasma acceleration system in HIIPER is intended to evolve into a power plant as a dual role in a 
pulsed fusion variant [Krishnamurthy et al, 2012A]. 
Simulations are critical to the rapid development of these systems for the resource cost of 
physical testing and manufacturing of each component as well as the time budget of construction 
and test. If simulations are able to be an effective development tool, time to raise the technology 
readiness level of HIIPER can be reduced, and upgrades to a completed system may be possible 
– making this project more attractive to prospective missions. 
1.2 Electric Propulsion 
Electric space propulsion systems are under heavy investigation for use in deep space 
missions. Chemical propulsion systems and solely ballistic trajectories are not as effective and 
viable for long duration or range space missions as electric propulsion systems are because of 
electric propulsion’s high specific impulse values [Goebel, 1954]. Electric thruster concepts have 
manifested themselves as Hall Effect Thrusters, which are still in service today, 
magnetohydrodynamic thrusters, arc thrusters, among others [Auweter-Kurtz et al., 2005]. 
Electric propulsion systems propel spacecraft through momentum exchange by 
accelerating mass opposite the direction of motion. Unlike chemical propulsion systems that use 
exothermic reactions to accelerate mass, electric thrusters ionize and accelerate mass using 
electromagnetics. Electrothermal propulsion systems are a hybrid of chemical and electric, where 
electrical energy is used to heat mass that is then expanded out a nozzle for thrust. The benefit of 
electric propulsion systems currently in service is that they have a specific impulse at least an 
order of magnitude higher typically than chemical propulsion systems [Choueiri, 2004]. 
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1.2.1 Electromagnetic and Electrostatic Space Propulsion 
 Electromagnetic and electrostatic space propulsion systems use different mechanisms to 
produce thrust. Electrostatic ion thrusters, like Hall Effect thrusters, use the Coulomb force to 
accelerate ions in the direction of the electric field, passing them through a charged grid that 
neutralizes the ions as they pass through. Electromagnetic thrusters, like helicon double layer 
thrusters, use the Lorentz force to generate thrust. Electrostatic thrusters have a service history 
spanning several decades, with Hall Effect thrusters being the current standard for space 
propulsion needs. The following traces the development of space propulsion technologies that 
contribute and partially led to the development of HIIPER. 
Helicon Double Layer Thrusters (HDLTs) use a helicon, originally developed in fusion 
research, as a space propulsion system. Helicons are capable of high density, and highly efficient 
discharges [Harle, 2013]. Gas is injected into the helicon tube where it is ionized, and travels 
towards the exit, where the constant magnetic field inside the field diverges, forming a type of 
magnetic nozzle. As the plasma exits, there is a boundary formed between the high density 
plasma inside the helicon and the low density in the exhaust, creating a change in electric 
potential. The electric double-layer is formed here because of the rapid change in plasma 
properties. 
 The VAriable Specific Impulse Magnetoplasma Rocket (VASIMR), under development 
by the Ad Astra Rocket Company, uses a helicon as an input to an inductively coupled resonance 
heater (ICRH) device [Diaz, 2000]. This system takes the high density and low temperature 
plasma from the helicon [Masuda, 2002] and further accelerates it using magnetic fields to 
produce thrust. This technology is meant to produce a system that can vary the thrust and 
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specific impulse as required by a variety of missions, and is an entirely electromagnetic space 
propulsion system. 
 Fusion Ship II was a concept originally developed at the University of Illinois at Urbana-
Champaign by Dr. George Miley and Dr. Rodney Burton as a preliminary design for a 750 MW 
thrust manned space vehicle. It used an IEC fusion reactor as its power source and an 
extrapolation of the NSTAR Argon ion engines for thrust. Fusion Ship II was designed for round 
trips to outer planets on timescales of 1 to 2 years. [Burton et al., 2003] The NSTAR engine is a 
gridded electrostatic ion thruster with an electron gun downstream of its accelerating grid to 
neutralize the outbound plasma to prevent charge buildup. 
1.2.2 HIIPER Space Propulsion System Design 
 HIIPER evolved from an original design for an IEC device and NSTAR gridded ion 
engine for use in Fusion Ship II developed by Dr. George H. Miley at the University of Illinois 
[Burton, 2003]. The concept was to use a fusion device that had good confinement properties and 
could create plasma channels of high density, high energy ions accelerated electrostatically 
[Miley, 1994]. The system would produce have high longevity, high specific impulse, and would 
be a candidate propulsion system for missions like manned trips to Mars [Miley, 2004]. It is 
intended to evolve in its design to also operate as a power supply for space missions [Satsangi, 
1994]. HIIPER uses an IEC as its thrust generating component, with the capability of upgrading 
it to a power plant in future versions. The recent work by B. Ulmen in his Ph.D. dissertation 
indicates that ions are not detected exiting the IEC confinement grid in the jet mode [Ulmen, 
2013], which facilitates the need for investigating methods of ion extraction. 
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 The IEC device is a fusion device based on electrostatic acceleration and confinement of 
plasmas. It operates in a ‘star mode’ (Figure 1.2) at proper pressure and power regimes 
dependent on geometry in a symmetric confinement grid, while it operates in a glow discharge 
mode if the pressure is above a certain regime (Figure 1.3) [Miley and Syed, 2000]. 
 
Figure 1.2. Star Mode Operation in IEC 
 
Figure 1.3. Glow Discharge Mode in IEC 
 
Figure 1.4. Jet Mode Discharge in Asymmetric IEC 
 
 If an asymmetry is introduced in the confinement grid, such that one aperture was 
significantly larger than the others and then operated the IEC at a proper pressure regime, then a 
jet of plasma would form leaving the confinement grid in the direction of the asymmetry, shown 
in Figure 1.4. While IEC devices can accelerate ions to high velocities internal to their grid 
[Miley, 1998], and with modification can produce high confinement times [McGuire, 2008], to 
increase the amount of thrust capable of being achieved, the helicon was added as an injection 
stage to provide higher density plasmas, more mass that could be accelerated at once. 
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Additionally, ion extraction is necessary to allow escape of these high energy ions through the 
asymmetric channel. 
 HIIPER is a hybrid electromagnetic/electrostatic thruster that injects a neutral gas into a 
helicon to be heated into plasma, which is then accelerated into an IEC, then channeled out of an 
aperture to produce thrust, shown in Figure 1.5 [Krishnamurthy et al., 2012A]. 
 
Figure 1.5. Sketch of HIIPER Showing All Components 
 Some future tasks looking forward in the development of HIIPER will be to investigate 
the use of permanent magnet helicons to increase reliability and reduce power consumption, 
investigating the scaling of the geometry of the system with its performance, and investigating 
the possibility of articulating the confinement grid to have the vehicle change its thrust vector, 
something new for electric propulsion that will enable extremely fine course corrections, useful 
for interplanetary missions or precise placement. 
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1.2.3 Jet Mode 
As a Plasma 
 Plasma formation of jet mode is the current state of research. The IEC grid is typically 
biased negatively which causes the formation of a virtual anode at the center of the IEC In this 
way a high density plasma discharge is able to be maintained. The channels through each 
aperture of the IEC are formed when the plasma sheath screens a sufficient amount of charge for 
a channel of high energy electrons born at the center of the IEC’s potential well to escape 
through the local potential wells at each aperture [Yoshikawa, 2001]. The largest opening in the 
IEC grid – the asymmetry – is where electrons will prefer to escape, due to its center having the 
least negative potential generated by the charged grid. Through the work by Ulmen, there has 
been no ions detected escaping with the electrons in the jet mode exiting the IEC chamber 
[Ulmen, 2013]. This presents two issues for space propulsion applications: First, what 
mechanism can be used to extract ions to satisfy the design objective of relatively high thrust 
plasma propulsion; and second, how can the exiting jet be neutralized to prevent charge buildup 
in the device. Exploring methods of extraction are covered in this work. Ideally, enough ions 
could be extracted to have a net neutral charge emission of particles. If not, a secondary ion 
source will be required to neutralize the exiting jet. 
As Purely Ions 
 If the IEC is operated in space, is fully evacuated, and its only source of ions is the 
helicon, and the outer shell of the IEC is replaced with another thin grid to encourage better ion 
circulation and minimize collisions with the ground plane, then the relatively low energy 
electrons will be repelled by the confinement grid, and only ions will remain in the system. If 
another ion source is introduced as an injector to the IEC in place of a helicon this situation 
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would also arise. In this situation, the task changes because suddenly the less negative potential 
at the asymmetry of the IEC grid becomes the least likely exit point for ions. To change this 
behavior an ion extractor and focusing is still necessary so that ions accelerated by the IEC have 
the energy to pass beyond the ground plane. Past this point it will be necessary to neutralize the 
ions through electron injection so that the discharge can be space charge neutral. The goal in any 
extraction device then is to bring the ions to the exit of the IEC at as high energy as possible. 
1.2.4 Plasma Extraction and Alignment 
Ion focusing developments 
 A variety of efforts have been considered to extract and focus ions. Because the IEC is 
electrostatic, the extraction method was also desired to be electrostatic to reduce complexity in 
modeling and application. Optics was considered from previous efforts on IEC fusion systems 
[Ohnishi, 2002] which involve plasmas, as well as systems for ion beam lithography [Paik, 1985] 
because of its relevance to pure ion systems.  High energy MeV ion beam focusing work has 
been reviewed [Augustyniak, 1978], an important consideration for future design objectives of 
HIIPER as a fusion power source and a high electric potential thruster. A large consideration was 
placed on Einzel Lenses, a charged particle lens that aligns ions without changing the energy of 
the ion beam [Kim, 2004], electrostatic lens systems [Dalglish, 1981], as well as planar 
electrostatic lens systems [Winchester, 1985]. These types of systems were tested as part of this 
work.  
 The helical extractors noted in this work are a conceptual experiment based on the same 
idea as magnetic confinement. In magnetic confinement, particles are confined by inducing a 
circulation of a particle’s path using magnetic fields. In an electrostatic helical extractor a 
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circulating particle path is achieved by having an electric field that rotates in space. The shape of 
the electric potentials will drive ions towards an unstable equilibrium at the center of this rotating 
field. 
 The primary objective of extracting ions in HIIPER is to compare which methods of ion 
extraction produce the most momentum in the direction of thrust. If plasma was being extracted, 
a secondary objective would be the level of charge neutralization in the expelled plasma. This 
new objective would be coupled to the original objective as a non-neutral beam would be 
attracted back to the charged vehicle and lose net thrust. 
1.3 Particle Tracing Simulations for Ion-Ion Interactions 
 These simulations are the basis for future particle-particle interaction simulations using 
COMSOL in the development of HIIPER. Beyond comparing ion extraction devices, this 
simulation will advance to include ion-electron interactions and then multispecies particle 
interactions with the inclusion of negatively ionized ions and other intermediate species, and 
finally the inclusion of neutral particles to complete an accurate model. At the same time, plasma 
based simulations will be developed for the highest accuracy simulations. These two sets of 
simulations will be compared and depending on the agreement of the two and their respective 
performance a decision can be made on which model would make the most sense to continue 
using as a practical tool to develop and improve this device. 
 In this thesis, the concept of developing an ion extractor will be covered, where 
analytically the mechanisms for extracting ions are investigated and different devices discussed. 
Next, the development of the simulation in COMSOL Multiphysics will be reviewed, looking at 
the domain equations and boundary conditions as well as the geometry of the model and how the 
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simulation was programmed. Then a hypothesis on how each extractor’s performance will 
compare with each other, and finally the results of the simulations covering which how each 
device performed.  
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2 Designing an Electrostatic Ion Extraction Device for HIIPER 
As an electrostatic ion accelerator, HIIPER’s Inertial Electrostatic Confinement (IEC) 
potential well would normally prevent ions from escaping beyond their born potential. Plasma 
coming in from the helicon would have ions being drawn to the center with some portion of the 
electrons being repelled to the outer wall. Without an extractor, the ions would continuously 
recirculate in the IEC until they lost energy through collisions (Figure 2.1) and be eventually 
drawn in by the charged grids where they would be neutralized by contact.  
  
Figure 2.1. Ion Confined to IEC Potential Well 
In experiments, the plasma currently able to escape from the IEC is from the charge 
screening effects of the plasma on the electrostatic field creating a channel that ions can pass 
through. Momentum of the particles from the IEC jet direction allows the electrons to escape, as 
in Figure 2.2. 
 
Figure 2.2. Electron Escape from IEC in Jet Mode 
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In this thesis, the focus is on ion extraction from the IEC. This case is considered because 
a majority of the plasma in HIIPER will be injected into the potential well by the helicon, and the 
IEC’s electric field will repel the electrons from the helicon while drawing in the ions. In 
practice, the IEC operating in space will have a negligible background gas pressure, so the 
creation of ions at the center of the IEC will be minimal. The electrons will oscillate and 
accelerate in the IEC until they find the weakest point in the confinement field and escape. The 
theory is that we can manipulate the electric field to encourage ion extraction and be able to 
more finely focus the escaping ions’ trajectory. Because Jet mode with no extractor by nature 
appears to produce an electron only beam, the aim is to generate essentially an asymmetric Star 
mode, sharing the characteristic ion channels that a symmetric star mode has. 
An electrostatic device to extract ions is desirable in this situation because one of the 
design objectives and paradigms of HIIPER is a simple, lightweight design with minimal 
complexity. The introduction of a magnetic field inside the IEC would cause large perturbations 
in the formation of the plasma. Additionally, using a magnetic field would change the direction 
of motion of the ion from parallel to perpendicular the desired direction of motion of the 
spacecraft. Electromagnets and permanent magnets can also be larger in mass than electrostatic 
solutions. 
2.1 Theory behind Design Objectives 
This comparative study identifies the best solution of the set of devices proposed to extract 
ions beyond the chamber’s ground plane at the highest velocity parallel to the desired direction 
of motion, and at the lowest confinement time of the IEC. 
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It is important to characterize the parameters we are using as a measure of success before 
we begin because through that we can design systems that most directly address the problem and 
based on the solutions we receive, iterate out from there for the next generation of design. The 
whole system is based on the parallel energy or velocity of the ions leaving the IEC at the ground 
plane or just outside, where an electron beam would neutralize the plasma at speed. 
2.1.1 Electrostatic Field Profile 
The electrostatic field will determine the energy and the direction ions have as they exit 
the IEC. The focus should be on shaping the field at the exit in a way that would encourage a 
focused, cohesive beam of ions that can escape readily from the IEC. 
Because the IEC itself will have a divergent electric field at the exit aperture, an optimum 
solution would be to have a converging electric field form into a high potential channel to give 
ions a chance to collimate, accelerate, and then feel the effects of a neutralizing electron beam 
downstream. A good basic example would be to have something like in Figure 2.3 below: 
 
Figure 2.3 Optimum Electrostatic Field Shape in HIIPER IEC 
ions 
electron jet 
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The current state of electrostatic ion extraction is charged grids, as in gridded ion 
thrusters. These are currently the standard solution in ion extraction. Their benefit is that they are 
quick and easy to understand, build, and implement. Their detraction is that they have high 
erosion rates due to grid collisions. Because the IEC itself is a grid designed with the express 
intention of being physically transparent to plasma while at the same time providing 
confinement, a similar mentality is desirable in these designs. 
2.1.2 Force Propagation in IEC and Particle Escape 
An understanding of forces applied by the electric field are important for determining the 
optimum shape the electric field should have to extract ions. To create a proper channel for ion to 
escape, there needs to be a well that both confines ions in a beam, and allows them to remain at 
high velocity. This means that both the longitudinal and transverse electric field inside the 
extraction grid must be investigated. 
 The electric fields in this system impart a force       , the negative of potential 
energy gradient. The IEC and extractor grid will be driven to generate a potential energy gradient 
and each particle imparts a force on all other particles through Coulomb’s law: 
   (
 
    
 ̂
| | 
)  
Both of these forces are simultaneously at work; however the generated electric field in 
this simulation will be the focus on this thesis as it is the only force that can be directly adjusted. 
It may be found that the driven field is the dominating force, and will depend on the ion density 
input in the system. In this work, the ion density for computational reasons is set low enough that 
this is the case. In practice, the ion density can be controlled by adjusting the gas pressure and 
electric potential of the IEC and helicon components of HIIPER. 
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Because HIIPER is a space propulsion device, what is important is the extraction rate of 
the ions and their velocity opposite the direction of motion, or momentum imparted. Whichever 
extraction grid has the highest summed momentum of particles leaving the system given a 
specific period of time is determined in this study to be the best course to follow in the next 
development stage of HIIPER. 
 We are making two major assumptions in the development of this simulation for the ease 
of computation. The first is that there are no losses to any walls in the system, which in an ideal 
case the IEC’s confinement grid would have infinitely thin grid wires and the outer ground plane 
of the IEC would be a thin wire mesh instead of a solid sphere. The second assumption is that 
there is no space charge buildup of HIIPER as ions leave the system. 
2.2 Electrostatic Tube 
An electrostatic mesh tube is the simplest test case of ion extraction from the center of the 
IEC. By creating a highly biased channel to the ground plane, ions will travel along the tube and 
escape beyond the outer chamber because the electric field distends farther beyond. The reason 
the tube extends to the IEC core as opposed to just being an ionized ring at the desired exit 
aperture is because we specifically want to draw in the ions drawn in and accelerated by the IEC, 
either as an element in the fusion reaction, or simply as a more guaranteed way to get ions that 
are well aligned. 
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Figure 2.4. Electrostatic Tube Conceptual Drawing with Ions 
The advantage in the electrostatic tube design is in its simplicity and easy construction. 
The disadvantage is that it will have a high collision rate as ions are drawn to the closest surface 
in the tube.  This case is designed as a conceptual test of the electrostatic channel as an effective 
ion extraction and collimation solution. In practice, there could be significant divergence in the 
beam if the velocity of the ions is too low or there is significant ion/ion interaction. 
Interesting to note is the electrostatic profile longitudinally and laterally of the 
electrostatic tube. Shown below is a figure of the tube potential in different cross sections. We 
can see that some fraction of the ions will have the energy to escape through the tube, and as it is 
going along there is a tendency for the ions to ‘fall’ towards the side walls. This effect can be 
minimized using a trade study of electrostatic tube width vs. electric field divergence in the cross 
section, beyond the scope of this research. 
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Figure 2.5. Electrostatic Profiles, (a) is a longitudinal cross section of the electric field, and 
(b) is a lateral cross section. 
2.3 Einzel Lens 
The Einzel Lens is another electrostatic ion focusing device chosen because of its 
industrial use as an ion focusing device in equipment such as cathode ray tubes. This assumes 
that the ions already have an initial velocity, and the Lens is meant to provide a focusing target 
similar to how optical lenses function. 
 
Figure 2.6. Conceptual Image of an Einzel Lens 
Einzel Lenses are electrostatic as desired and are relatively easy to construct and tune. It 
also is designed for ion focusing, which again is an attractive feature to have. Some 
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disadvantages are that given the length scales of the lens there is the potential for high collision 
rates, which will reduce the ion’s energy. 
Two cases of the Einzel Lens are considered. In a typical Einzel Lens, the outer rings are 
grounded with the center as the biased ring for focusing. That case along with the case where the 
outer rings are biased at the same potential as the IEC grid, with again the center ring biased for 
focusing, are being tested.   
Looking at the electrostatic field along the axis of travel and transversely, the electric 
field will look as follows in Figure 2.7. Interesting to note is that the electric potential passing 
through the centerline has a significantly different shape depending on the charge of the outer 
two rings. 
 
Figure 2.7. Electrostatic field for the Einzel Lens along the centerline 
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2.4 Double Helix Extractor 
 
Figure 2.8. Conceptual Drawing of Double Helix Plasma Extractor 
 The double helix extractor has a biased coil paired with a grounded coil in opposite 
arrangement, forming a double helix. Conceptually this is meant to do electrostatically what is 
typically done magnetically - cause ion circulation for confinement. The coils turns are meant to 
cause the ion to constantly be attracted towards the negatively biased leg of the helix but never 
reach it, so that it is trapped in a median potential.  
 This design is attractive because it is relative simple to design and construct, but a 
potential issue would be that it would introduce a rotation in the outgoing ion beam, or a slight 
bias at the end of the extractor in the direction of the biased helix. To compensate in a space 
propulsion application it may be necessary to either have paired engines, or to introduce another 
element at the end of the extractor to align the escaping ion column. 
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Figure 2.9 Electrostatic Field of the Double Helix Extractor along the Centerline 
 
2.5 Quadruple Helix Extractor 
 
Figure 2.10. Conceptual Drawing of Quadruple Helix Extractor. 
 The quadruple helix extractor has a paired set of negatively biased and grounded helices 
wound together so that each pair is opposing each other. Similar to the double helix, the concept 
is to achieve confinement by ion circulation. It’s a little more complex to build than the double 
helix extractor, but it has a greater area of low potential near the IEC grid’s asymmetry, making 
it possible for more ions to escape at a time. 
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 Because confinement is achieved through circulation, it is likely that there will be a 
moment introduced to any spacecraft equipped with HIIPER in this configuration. It will be 
necessary to have paired engines with counter circulating extractors or introduce an additional 
element or system to counter the effects. 
 
Figure 2.11. Electrostatic Field of the Quadruple Helix Extractor along the Centerline 
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2.6 Staged Ion Extractor 
 
Figure 2.12. Conceptual Drawing of Staged Ion Extractor 
 The staged ion extractor is conceptually a series of short Einzel lenses lined up to create a 
focusing channel for ions escaping the IEC. It is electrostatically driven and a bit more complex 
to construct than any of the other proposed devices. Given the number of components, there is 
also a higher probability of collisions from ions in the IEC, reducing the overall momentum 
exchange possible. Confinement is achieved through the same lensing process that the Einzel 
Lens uses, so it is possible to run a single HIIPER in this configuration without rotation from ion 
circulation.  
 
Figure 2.13. Electric Potential Profile of Staged Extractor along the centerline. 
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2.7 Comparison of Electric Field Profiles 
 
Figure 2.14. Combined Electrostatic Fields of All Extractors along Z-Axis, Parallel to the 
Direction of Motion 
 Figure 2.14. Combined Electrostatic Fields of All Extractors along Z-Axis, Parallel to the 
Direction of Motion compares all of the electric fields down the centerline of the experiment 
with the different ion extractors installed. While there are two influences at work, the particle-
particle interactions and the electric field created by the IEC and the extractors, only the electric 
field can be influenced by the experiment directly. The intention is as the extractors better align 
particles along the exit trajectory, the particle-particle interactions will deposit energy in that 
direction, while causing the less energetic particles to remain trapped in the IEC.  
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3 Simulation Design 
Simulations are conducted to provide a rapid, clear representation of the physics occurring 
in the IEC and the proposed ion extraction systems. By gaining an intuitive understanding of the 
changes in physics of this system, we can create a more rapid procedure for iterating through 
different concepts to achieve our design objectives. Simulation design covers the specific 
configuration of the electrostatic and particle tracing simulations designed using COMSOL 
Multiphysics, and lays out how real world equipment was modeled to produce this trade study. 
3.1 Objective of the Simulation 
This simulation is meant to establish a first approximation of the momentum transfer of 
an asymmetric IEC with the proposed devices installed. Not only is this simulation necessary 
given the physical resources available to run experiments, but in the long term this simulation is 
meant to be a way to rapidly iterate the design of HIIPER by providing a fast, flexible way to 
change and test the system parameters. 
The process of developing these simulations can be broken down into milestone 
geometries, explicitly defining specific aspects desired in the simulation as a clear path to 
completion. There were seven major milestones defined in this project, as shown in  
Table 3.1. The number of the milestone corresponds to aspects configured in the 
simulation depicted in Figure 3.1: 
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Figure 3.1. Diagram of Typical Setup in COMSOL with Milestone Simulation Geometry 
 
Table 3.1. Project Milestones and Descriptions 
Milestone Details 
1. Bare IEC Geometry Configured A basic representation of the IEC chamber is 
drawn, full size into COMSOL. An asymmetric IEC 
grid with the same wire thickness and geometry as 
the one currently used in the HIIPER experiment is 
drawn. The opening that will allow ions to escape 
the chamber and travel to the capture volume (an 
analog to space), and a small entry port representing 
the helicon injection is drawn and configured. 
2. Electrostatics Physics Defined The electrostatic boundary conditions of the IEC 
grid, chamber wall, helicon inlet, and free space 
potentials are programmed into the simulation and 
executed. The potential of the ions born in the 
helicon is negative, and the free space potential 
outside the exit of the escape tunnel are set equal to 
simulate whether ions gain energy by passing 
through the IEC. 
1 
2 
3 
4 
5 
6 
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Table 3.1 (cont.) 
3. Particle Trace Physics Defined Programming the distribution, direction, and 
velocity of the incoming ions, particle-particle 
interaction, particle-wall interaction, and outlet 
conditions of the simulation using the particle trace 
simulations in COMSOL Multiphysics. 
4. Capture Volume Programmed Adding a capture volume outside of the IEC to 
freeze outbound particles and allow a trace of their 
exit velocity and direction and the rate of particle 
escape from the IEC. 
5. Exit Isolation Aperture 
Implemented 
Implementation of a barrier between the IEC 
chamber between the grid and the wall and the exit 
path of the ions from the asymmetry of the grid to 
the exit of the chamber. The rationale for this is 
only allowing ions that have passed through the 
IEC grid to escape and be counted. It is meant to 
minimize the number of ions that escape through 
diffusion. 
6. Test Geometries Programmed All test geometries for guide grids to help ions 
escape are programmed inside the exit isolation 
aperture. Again, the isolation aperture causes the 
simulation to only allow ions to pass through that 
are in line with the asymmetry of the IEC. 
7. Post-processing and Analysis Once simulations are complete, creating the proper 
visualizations to retrieve information to analyze 
results and create a quick way for future studies to 
be conducted with the information necessary to 
make future design decisions rapidly. 
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 To summarize, the simulation is meant to be a framework for testing ion extractors and as 
a foundation for more complex simulations which include electrons, neutrons, and multiple ion 
species. It was built in discrete milestones to capture the physics of the IEC grid, electrostatic 
physics, the particle physics, the capture domain, IEC and detector chamber isolation, the 
extractor grids, and post-processing. Because of available computing resources, the simulation 
was built in a way that minimizes the computing time without sacrificing the necessary fidelity 
to the simulation by using linear or quadratic piecewise reconstruction of the geometry and an 
adaptive mesh. By separating the study into two parts, electrostatic field profile generation fed 
into the particle tracing simulation with the superposition of Coulomb forces, the compute time 
was also significantly reduced. The remainder of this chapter discusses the development of these 
simulations, the parameters and the electrostatic profiles generated for the particle simulations. 
3.2 Available Resources for the Simulation 
The current computing resource available of the HIIPER Space Propulsion Laboratory is a 
dual 6-Core Xeon Processor at 3.5 GHz with 32 Gigabytes of RAM. The software used to 
perform the calculation is COMSOL Multiphysics 4.3a, a differential equation solver with built 
in physics interfaces and the ability to customize and add differential equations to simulate 
physics not shipped with the base software package. 
3.3 Configuration of the Simulation 
The use of COMSOL Multiphysics eliminated the need to worry about the lower level 
programming aspects of the simulation and allowed pure focus on the mathematics driving these 
simulations. The following sections describe the simplifying assumptions made to reduce 
computation time, the equations used to characterize these processes, and the configuration of 
the solvers used by COMSOL. 
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3.3.1 Assumptions and Meshing 
Certain assumptions were made in the development of this simulation to reduce 
computation times and to retain focus on processes of interest in the simulation. The assumptions 
were as follows: 
 No background gas, no neutral particles, and no electrons: This assumption is 
valid for a practical operating scenario in space, where the IEC chamber would be 
evacuated and an ion gun is injecting ions into the IEC. In the case of HIIPER, 
where a helicon is attached, many electrons will be reflected by the strong 
negative bias of the IEC’s grid, although some will enter due to charge screening 
and ambipolar diffusion. 
 No losses to grids or walls: Previous work has shown that IEC grids can be 
produced with high transparency, over 90-95% [Krishnamurthy, 2012], and the 
IEC in practice is expected to be a double gridded design, allowing ions to 
circulate freely. The only location of concern in the simulation is the isolation 
aperture, the hollow cone frustum that separates the extraction grid from the 
remainder of the IEC. It is not expected for many collisions to occur here, because 
ions travel mostly radially in the IEC [DeMora et al., 1995]. 
 Adiabatic System: While in practice there is a thermal flux from the IEC grid due 
to collisions from ions, heat transfer is ignored in this simulation because the 
focus is on the electrostatic effects of the processes involved. The heat transferred 
to the ions would also be negligible relative to the energy imparted by the IEC 
electrostatically. 
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Meshing Parameters are listed in the following tables describing the refinement of the 
mesh used to calculate the electrostatic field in the system: 
Table 3.2. Free Tetrahedral Meshing Parameters 
Maximum Element Size 0.1220 m 
Minimum Element Size 0.0028 m 
Maximum Element Growth Rate 1.6 
Resolution of Curvature 0.7 
Resolution of Narrow Regions 0.4 
 
Table 3.3. Boundary Layer Meshing Parameters 
Handling of Sharp Edges Splitting 
Minimum Angle for Splitting 240 degrees 
Maximum Angle Per Split 100 degrees 
Maximum Layer Decrement 2 
Number of Iterations 4 
Maximum Element Depth to Process 6 
Number of Boundary Layers 8 
Boundary Layer Stretching Factor 1.2 
Thickness of First Layer Auto 
Thickness Adjustment Factor 1 
 
Table 3.4. Edge Meshing Parameters 
Maximum Element Size 0.0539 m 
Minimum Element Size 0.00392 m 
Maximum Element Growth Rate 1.4 
Resolution of Curvature 0.4 
Resolution of Narrow Regions 0.7 
Number of Smoothing Iterations 4 
Maximum Element Depth to Process 4 
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3.3.2 Electrostatic Domain Equations with Boundary and Initial Conditions 
Domain Conditions 
Charge Conservation 
         
Where (Constitutive Relation) 
         
and 
       
 
Boundary Conditions 
For Zero Charge Surfaces:       
For Ground Surfaces:      
For Charged Surfaces:      
Initial Conditions:     
3.3.3 Particle Tracing Equations with Boundary and Initial Conditions 
Governing Equations 
 (   )
  
    
Electric Field Forces: 
      
Particle-Particle Interaction Forces: 
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Where x0, y0, and z0 are the initial coordinates of the particles that are evenly generated 
across a surface with radius rinlet. Solution times for each of these simulations were on the order 
of 20 hours per run. 
3.4 Geometries Tested 
The general design of the simulation has some common features. It was important to keep 
certain parameters throughout these tests to properly gauge the merits of each device. The 
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general layout of the simulation has a ‘helicon’ ion source perpendicular to the exit aperture. 
This was to ensure that circulation of the ions would occur and the IEC would be the device that 
collimates the ions in the proper direction. The ‘helicon’ will cause ions to be born at a slightly 
below ground potential, approximately -200 volts, so set due to the computation limitation of 
simulating an entry interface of sufficient width at the IEC chamber wall. The dimensions of the 
ion inlet, chamber, confinement grid and wires are all modeled accurately to the specifications of 
physical experiment in the HIIPER Space Propulsion Laboratory. 
 
 
Figure 3.2 IEC Simulation Areas of Interest 
3.4.1 Bare IEC 
The bare IEC is our baseline in COMSOL. Using the results from this we will establish 
the calculated confinement time or ion extraction rate and a baseline ion exit velocity parallel to 
the desired direction of motion. The exit face of the simulation is given a bias of the same 
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potential as the ion born potential, -200 Volts. The isolation dielectric is represented by a white 
space in the contour map in Figure 3.3 and subsequent contour maps.  
 
Figure 3.3. Bare IEC Model in COMSOL Multiphysics 
3.4.2 Electrostatic Tube 
The electrostatic tube is modeled as a solid wall tube for computational expedience and 
extends to the original ground plane of the IEC, to perturb the electric field. The field inside the 
tube looks as expected, as a linear plane in between the cylinder. 
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Figure 3.4. Electrostatic Tube Model in COMSOL Multiphysics 
 
3.4.3 Einzel Lens 
The Einzel Lens is set by three like cylinders to the ground plane. Two cases of the 
Einzel Lens are modeled, one where the two outer rings are grounded and the other where they 
are biased to the grid potential to test what the change in performance is based on what reference 
‘ground’ is taken to be. 
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Figure 3.5. Einzel Lens Model in COMSOL Multiphysics 
3.4.4 Double Helical Extractor 
The double helical extractor was modeled as a type of confinement scheme similar to 
magnetic confinement, where the ions are confined using circular motion along a line. One helix 
is set to ground, while the second helix is at a potential so that there is a set potential at the center 
of the double helix, with ions constantly trying to be attracted towards the charged helix but with 
its velocity vector set by the IEC’s alignment. 
37 
 
 
Figure 3.6. Double Helical Extractor Model in COMSOL Multiphysics 
3.4.5 Quadruple Helical Extractor 
The quadruple helical extractor was also modeled as the double helical extractor, but the 
motivation was to create a symmetric field such that ions would not be pulled too far towards 
one side. 
 
Figure 3.7. Quadruple Helical Extractor in COMSOL Multiphysics 
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3.4.6 Shielded Electrostatic Extractor 
 
 
Figure 3.8. Shielded Electrostatic Extractor 
 
3.5 Accomplishments of the Simulation 
This simulation was successfully able to generate plots of all of the electric fields and give 
an intuitive sense of the potential wells in the system. It was also able to plot the trajectories of 
the particles entering and leaving the IEC, passing through the ion extractor if present, and 
reaching the outer walls of the test area where they could be counted and measured. 
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4 Expected Behavior 
 The expected behavior of this simulation and each of the designs tested in it was based on 
characterizing fundamental concepts to be able to quickly choose the next path in HIIPER’s 
design and to create a simulation that can be expanded upon to improve its accuracy. Therefore, 
these simulations results are necessarily not complex, but idealize the performance of these 
systems. 
 This chapter covers the general concepts of the hypothesis for performance, an expected 
comparison of each of the models tested and their expected relative momentum exchange. The 
expected behavior and the simulations should be similar in nature, the discussion of why they 
were or were not will be in the conclusions chapter. 
4.1 General Notes 
The concept of the electrostatic channel in this application is borrowed from the same 
concept as the microchannel in IEC Fusion, found in [DeMora et al., 1995]. A type of path is 
formed allowing ions to align in a channel and escape through electrostatic acceleration or 
through ion-ion repulsion, where an ion behind another ion repels the ion ahead to climb over the 
electrostatic potential well and escape. To restate the reference frame, x and y directions are 
perpendicular to the direction of motion, while the z direction is parallel. 
In a plasma setting and with sufficient distance, microchannels would create a highly 
negative potential well through the extractor, which would need to be of sufficient width to not 
screen out the electrons. The electrons would create a highly negative channel, dragging the ions 
out until they were collisionally neutralized. 
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The criteria we are observing are the outward (z) velocity of the escaping ions, and the 
number of ions/time that have escaped. The outward velocity of the ions will give an indication 
of the momentum transfer from ion to ion due to good collimation in the extractor region, and the 
number of ions/time that have escaped will indicate the relative probability that ions will ‘prefer’ 
the asymmetric channel. The overall momentum calculated will give the overall effectiveness of 
each system, and is the most important value for HIIPER, since momentum exchange is the 
objective of any propulsion system.  We can also use these results to predict the specific impulse 
of the engine in this configuration, which is the efficiency metric for space propulsion. 
There are cases where it’s possible that ions will not be as preferential towards the 
asymmetric aperture, but transfer more momentum through particle-particle interaction or vice 
versa. This means that fewer particles could escape at much higher velocity and result in a higher 
momentum transfer. These cases are not expected to be in the results. 
4.2 Bare IEC 
 The bare IEC is our baseline case test, and as such we expect the lowest momentum 
exchange from this configuration. The ions will have the poorest z-alignment, and possibly the 
fewest escaped ions. The reason for this is because when analyzing the system as a purely ion 
problem, the weak point in the IEC’s asymmetric grid would actually cause the ions to prefer any 
channel except the asymmetry. This is counter to our understanding of ion extraction from this 
device in a plasma-based problem, which will be a future evolution of this simulation.  The 
reason for this discrepancy is the lack of electrons in the problem statement. Because electrons 
are faster and are born within the IEC’s potential well, they will prefer the asymmetry, the 
highest potential in the grid, and create a low potential channel that ions will prefer and be 
guided out with. 
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4.3 Einzel Lens 
The Einzel Lens is designed to be an ion collimator and has many industrial applications, 
so it is expected that the Einzel Lens will perform the best in ion collimation, or highest average 
z-velocity of ions. The difficulty in this application is that in typical applications, the particle 
energies and velocity vector distributions are mostly uniform and known. In this situation, the 
ion energies and velocity vectors when they reach the asymmetry in the IEC grid have a 
randomness that will affect the Lens’s performance. Where all the other attempts at ion 
collimation are treating the problem as a particle in a well, the Einzel Lens is attempting to solve 
the same problem with optics.  
That being said, it is still expected that the Einzel Lens will have the best ion collimation 
properties, but perhaps not the highest rate of extraction. The reasons for the best collimation 
properties are evident, but the lower rate of extraction could be due to the sudden rise in potential 
at the asymmetry of the IEC grid and the first stage of the Einzel Lens. As a reminder, the first 
stage of the Einzel Lens is grounded, per standard design practices in an Einzel Lens. If there 
was future work to redesign the lens in this application, the ‘ground’ rings should be at the 
potential of the IEC, and then the focusing ring slightly higher potential for focusing ions. 
4.4 Electrostatic Tube 
The electrostatic tube is more of a thought exercise than a device that would be practically 
put into use. The intention is to see whether the idea of having a path where ions can mostly 
travel only in one dimension and be influenced by other ions behind them to force them above 
their born potential to produce thrust would be a viable concept. I expect that the electrostatic 
tube would perform the highest in ion extraction but not in collimation. The reason for high 
extraction would be that there is a clear, smooth, electrostatic channel leading out of the IEC 
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grid, with little room for ions to reflect back and the repulsion from trailing ions. The reason 
collimation would be poor is because the electrostatic field distribution at the end would have a 
semi-circle distribution, causing an exaggeration of the directions of exiting ions. 
4.5 Double Helical Extractor 
The double helical extractor was designed with the intent of providing good extraction and 
collimation of ions being extracted from the IEC. The concept was that by creating a helix 
structure in the electric field, a similar process that occurs in magnetic confinement would take 
hold, confinement by path rotation. Using a paired grounded and biased helix would give the 
ions a preferential attraction point and would aid confinement instead of causing ions to escape 
through the gaps and then attract. By having ions fall into the helically shaped electrostatic field, 
their z-momentum would carry the ions through the trough, constantly ‘falling’ to the center of 
the channel and escape. In practice this would present a problem in space propulsion, causing the 
craft to spin on its axis due to momentum exchange between the extraction grid and the ions. But 
that can easily be damped out by using mirrored HIIPER engines. 
In terms of performance, this extractor should perform slightly below the quadruple helical 
extractor in extraction rate simply because there is less area at the IEC asymmetric interface for 
ions to ‘choose’. For exiting z-velocity, I expect the double helical extractor will perform better 
than the quadruple because the ions would be following the single ‘track’ in the double extractor, 
increasing the chances of momentum transfer, while in the quadruple extractor there would be 
two tracks. I expect overall momentum transfer to be superior in this device compared to the 
quadruple extractor because the electrostatic channel at the center of this extractor has a smooth 
profile and does not create an unstable equilibrium at the center of the channel as the quadruple 
helical extractor. 
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4.6 Quadruple Helical Extractor 
The quadruple helical extractor is a twofold experiment. The first is to see if extraction of 
ions is dependent on the surface area of the low potential of the extraction device. The second is 
to see if the electric fields formed by having more legs to the helices can improve confinement 
and better collimate the ions. It is expected that the extraction would be better than the double 
helical extractor because there is a greater area of low potential at the entry interface of this 
extractor.  
4.7 Shielded Electrostatic Extractor 
Conceptually, the shielded electrostatic extractor is similar to having multiple Einzel 
Lenses back to back. This approach was taken because of the unknown characteristics of the ions 
passing through the IEC. With multiple lenses it may be possible to damp out the perpendicular 
motion of some ions and with the ion-ion interactions collimate them by the time they exit the 
system. This system is predicted to have a lower ion extraction rate, for the same reasons as the 
Einzel Lens, but a good ion z-velocity component because of the predicted collimation 
conditions inside the channel. 
4.8 Summary of Expected Behavior 
Conceptually, ion collimation and ion-ion interactions will transfer kinetic energy in the 
desired vector to push particles out of the IEC potential well, and lower energy ions will be re-
excited by collisions with the IEC grid or be neutralized. What is desired is to maximize the 
overall momentum transferred, but by developing an understanding of which systems provided 
the best outlet velocity or a high ion extraction rate, it would be a starting point for future 
iterations of extractor. Table 4.1 shows the predictions for these major categories below, 
summarizing the expected performance of each of the extraction devices: 
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Table 4.1. Table of Expected Comparative Results 
Rank Z-Velocity Ion Extraction Rate Overall Momentum 
1 Double Helix Electrostatic Tube Double Helix 
2 Quadruple Helix Quadruple Helix Quadruple Helix 
3 Electrostatic Tube Double Helix Electrostatic Tube 
4 Shielded Electrostatic Base IEC Shielded Electrostatic 
5 Einzel Lens Shielded Electrostatic Einzel Lens 
6 Base IEC Einzel Lens Base IEC 
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5 Expected Behavior 
Simulations were carried out as described with the average execution time at about 20 
hours running on a computer with 3.1 GHz dual 6-Core Xeon processors (12 cores total) with 32 
Gigabytes of available RAM. Because of system availability, the span of time was from 0 to 1 
millisecond. The time steps taken in the simulation were automatically determined by the solver 
at around 10
-7
 seconds regardless of the time in the simulation, meaning that execution time 
scaled linearly with desired final time. Execution time also directly varied with the number of 
particles in the system. Because of computational limitations, particles were introduced at 100 
particles per 10
-6
 seconds for 10 steps for a total of one thousand particles per simulation. The 
pulses were intentionally introduced for a better understanding of particle-particle interaction 
when particles lead or follow other particles. This time scale for a full ‘batch’ of particles is 
consistent with a conceptual application of HIIPER in pulsed operation mode. Given the time 
between each particle burst it is not anticipated that this caused a major change in the results. 
5.1 Ion Extractor Simulation Results 
The parameters that are being compared between these different configurations are the 
average escape velocity of ions in the z-axis, parallel to the direction of motion, the percentage of 
ions that are extracted in 1 ms, and the relative momentum and energy of the ions leaving the 
system compared to the baseline. There is also an observation of the ‘focus quality’ a measure of 
how much momentum is lost from particles traveling perpendicular to the direction of motion. 
As a sanity check, the ions leaving the IEC in the simulation should have a velocity within an 
order of magnitude of what is expected from previous work completed on HIIPER, just under 
1E6
 
m/s at the maximum for an 8 kV IEC. [Krishnamurthy et al., 2012B] As it turns out, this is 
the case, velocity magnitudes range from 7E5 m/s to 1E6. 
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Based on the information gathered from these simulations, there can be informed 
decisions made on the next design direction of HIIPER. In this section an overall perspective of 
the results will be covered, followed by more detailed analysis of each test case. In the table 
below is the raw data for relative parameters compared to the base IEC: 
Table 5.1 Summary of Relative Particle Results Comparing All Tested Systems @ 1 ms 
Device Type Z-Vel (m/s) 
% extracted  
in 1ms 
Relative  
Z-Momentum 
Relative 
Z-Kinetic Energy 
Average 
Focus Quality 
Bare IEC 50,600 20.5 1.00 1.00 91.0% 
Electrostatic 
Tube 58,547 39.1 2.21 2.55 98.0% 
Einzel Lens - 
Grounded 68,242 16.0 1.05 1.42 91.7% 
Einzel Lens - 
Biased 49,166 13.7 0.65 0.63 95.0% 
Double Helix 
Extractor 63,083 31.6 1.92 2.40 97.9% 
Quadruple 
Helix 
Extractor 60,389 40.6 2.36 2.82 95.1% 
Staged 
Extractor 69,378 4.6 0.31 0.42 93.0% 
 
 To make an informed decision about which direction to go on HIIPER, the column of 
importance is the ‘Relative Z-Momentum’. What is important in this space thruster is momentum 
exchanged in the direction of motion. The other values play a role in determining this value and 
are interesting for other aspects of HIIPER’s design, but momentum for space propulsion 
applications is the most important value for the purposes of this thesis. As shown, the quadruple 
helix extractor has the best momentum performance. Average Focus Quality is a measure of the 
ion’s velocity vector at the exit relative to the z-axis, the desired direction of motion. High focus 
qualities mean that there is a small perpendicular component of the ion’s velocity vector, 
meaning momentum isn’t lost from the particles not travelling parallel to the axis of the extractor 
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after they exit. Particles with a high focus quality are also less likely to collide with the surface 
of the extractor and be neutralized, which is especially important in this work because collisional 
neutralization was not included in the simulation. An conceptual example of focus quality is 
given in Figure 5.1. Velocity vectors are shown as the arrows leaving the particles, with the 
poorly focused ion having a velocity vector with a large perpendicular component. 
 
Figure 5.1. Conceptual Depiction of Focus Quality 
 Average Focus Quality is calculated as: 
      (
√       
| ⃑|
)  
 Where vx and vy are the average perpendicular components, and | ⃑| is the average 
magnitude of the velocity vector of particles that have fully exited the IEC in a particular test 
case. 
5.2 Ion Extraction Rates 
 In Figure 5.2 below, the ion extraction count over 1 ms is shown. Each device simulated 
has a different rate of ion escape from the IEC. The original hypothesis was that proper 
confinement of the ions as they escape as well as having a low enough potential well in the 
escape region would allow ions to collimate and through particle-particle interactions give the 
  
Ion with poor 
focus quality 
Ion with good 
focus quality 
IEC with extractor 
z-axis 
desired direction of motion 
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leading particles the needed energy to escape the entire system. The greater the escaped ion 
count, the better the collimation and confinement of the ions. 
 The electrostatic tube was meant as a conceptual test of this idea and thus was expected 
to perform the best in ion escape count. Similar to the IEC itself, the electrostatic tube represents 
what would appear to ions from a distance to be an electrostatic surface that they would be 
attracted to. Again, like the IEC, the concept behind these extraction systems were that they 
would be transparent to the ions in the system so that they would see the extractor as a charged 
surface, but not collide with the surface in practice.  The quadruple helix extractor performed the 
best, providing the closest performance to the electrostatic tube, within the margin of error.  
The Einzel Lenses in both configurations did not perform as well as was anticipated, this 
may be because the Einzel Lens was designed only to correct up to a certain amount of 
perturbation in the ion trajectory, and it may be possible that further study into tuning an Einzel 
Lens for use in an IEC is required. The staged extractor performed the worst, screening out most 
ions but creating a narrow electrostatic channel that did generate the highest z velocity of any 
candidate device. This could be confirmation of the hypothesis stated that a narrow electrostatic 
channel coupled with ion-ion interaction is the mechanism to generate high velocity ions parallel 
to the direction of motion. This idea should not be confused with the ‘Average Focus Quality’ 
term which is the z velocity related to the overall velocity magnitude of the ion. While the staged 
extractor did not have the highest focus quality, it did have the highest z-direction velocity. 
The helix extractors performed the best, with the quadruple helix extractor performing on 
similarly to the conceptual electrostatic tube. The difference between the quadruple and double 
helix extractors again is that there are paired grounded and charged legs of the quadruple helix 
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extractor while the double helix has one each charged and ground legs opposite each other. The 
quadruple helix extractor has a larger low potential surface area at the exit aperture of the IEC 
grid which enables a higher level of ion extraction, about double, and the results show that the 
double helix extracts in between as many particles as the quadruple helix and the bare IEC. 
 
Figure 5.2 Compared Ion Extraction Percentage over 1 ms 
As seen, the extraction rates tend towards an asymptote, which requires the simulations to 
be run for greater periods, meaning that for most of these test cases the final particle extracted 
count is higher than what is achieved at 1 ms. Even without the asymptotic rates, qualitatively 
the quadruple helix extractor is the best performer of all the trials. Again, although the 
electrostatic tube performs as well as the quadruple helix extractor, it is simply a theoretical 
construct to understand what type of potential profile is conducive to extracting ions. From these 
results it is noted that both share a narrow and flat center channel. The third highest performing 
configuration, the double helix extractor, appears to correlate with this result as its center 
potential profile is less constrained than the quadruple helix or the electrostatic tube. An attempt 
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was made to find the asymptotes using a curve fit, but suitable curves were not found. Additional 
computing time will be necessary to determine the exact steady state of the system. At the 
asymptote, in the simulation particles would recirculate perpetually, colliding with each other but 
the sum of the energies of the ions would not be enough to allow for another particle to 
overcome the IEC’s potential well. In reality, ions would continue to gain and lose energy 
through collisions with other particles and surfaces or be neutralized by collisions background 
gas.  
5.3 Exit Ion Energy Distribution 
 Taking a look at the ion energy distribution, it is noted that the histogram follows closely 
with the Maxwellian distribution despite introducing ions into the IEC at the same energy level 
at 2 eV. Better correlation is expected with a higher particle count in the simulation. This 
information is useful as it shows that at least computationally the IEC operates with a 
Maxwellian distribution were it operating with ions only.  
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Figure 5.3. Normalized Exit Ion Energy Distribution 
 Figure 5.3 is the raw histogram of the normalized exit ion energy distribution. It was 
found that the average energy of an ion leaving these extractors ranged from 1.1 – 2.4 keV, with 
the highest energy ions reaching from 4.2 – 23.9 keV. The last result, 23.9 keV maximum 
energy, is an outlier in the grounded Einzel lens case, possibly resulting because of ideal 
conditions where several ions lined up at the focus of the lens, imparting all of their energy into 
one particle through Coulomb forces. The next highest energy is from the double helix extractor 
at 8.45 keV, and the other test case results are within that order of magnitude. Again, ions were 
introduced into the system all at 2 eV with varying directions leaving the helicon into an IEC 
with a grid voltage of 8 kV. The IEC is accelerating the ions and imparting momentum on them, 
meaning the IEC with an extractor is in fact a viable accelerator for ions. These ions can be used 
in conjunction with a Traveling Wave Direct Energy Converter (TWDEC) to produce power 
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[Tomita et al., 2005] or can be channeled towards a neutralizing electron spray to balance the 
charges in a spacecraft. 
 
 
Figure 5.4. Normalized Maxwellian Distribution 
Figure 5.4 is presented as a comparison to the raw statistical data pulled from the 
simulations. A few characteristics to note is that Figure 5.3 does not have an entirely smooth 
histogram, arising from the raw low particle count leaving the system. A simulation with a 
higher particle count would produce smoother results. However, the peaks of the raw data and 
the Maxwellian curves, as well as the test cases’ relative magnitudes on each figure strongly 
suggest a Maxwellian energy distribution, meaning that the ions exiting have been thermalized. 
Also to note is that different extractors produce different energy distributions, such that a 
charged Einzel lens may be preferable if ions at a particular energy are desired, or a grounded 
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Einzel lens if a wider energy spectrum is needed. Outside of those two extremes, the other 
extractors along with the bare IEC do not appreciably change the exit ion energy distribution. 
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6 Conclusion 
This study aimed to develop an ion particle trace simulation for HIIPER as part of a 
development framework for developing the tools for rapid design iteration. The simulation was 
then used to test conceptual designs for ion extractors from the IEC confinement grid. By 
reviewing previous work on space propulsion and particle tracing simulations along with 
previous work conducted on HIIPER, a conceptual understanding of what was necessary for 
designing these candidate extractors was used. A simulation was developed using COMSOL 
Multiphysics that generated the electric fields present inside the system and then traced particle 
motions to analyze the rate at which ions were able to escape and the energies they were able to 
escape at. The results show that it is possible to extract high energy ions from the system for use 
in space propulsion or power generation. 
6.1 Conceptual Analysis 
 Conceptually, this simulation was meant to take the actual physical characteristics of the 
IEC and simulate the behavior of ions in an operating environment. In spaceflight, the IEC 
component of HIIPER would be a dual gridded design without an outer shell, providing good ion 
transparency and almost no neutral gas pressure, meaning that plasma injected from the helicon 
would have a large amount of the electrons stripped away, leaving ions to circulate in the system. 
If the helicon were replaced with an ion injection system in a future design, this would also be 
the case. 
 To extract ions from the system the same concept as the IECs confinement method was 
used, electrostatic channeling. This was intentional to remain consistent with the design 
methodology of HIIPER and to reduce the complexity of designing this system. The hypothesis 
was to create a narrow electrostatic channel at high negative potential that would collimate and 
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confine ions passing through the exit aperture of the IEC so that through particle-particle 
interaction energy from one ion could be transferred to another so that ion acceleration could 
occur. Ions gaining enough energy to escape the well would provide thrust for the IEC, and ions 
that lost too much energy would eventually collide with the IEC grid and be lost to HIIPER as 
ion current. 
 Six designs were tested and compared to the baseline IEC design, with the path from the 
exit aperture of the IEC to the exit of the IEC chamber isolated from the rest of the system to 
reduce the number of random ion escapes not passing through the electrostatic channel. As a 
conceptual test, an electrostatic channel represented by an electrostatic tube was used as a 
conceptual “best-case” scenario. Then to compare, other conceptual systems that use lensing or 
circulation as confinement techniques were used to determine which would be the best direction 
for future development and test. 
6.2 Designing the Simulation 
 COMSOL Multiphysics was used to develop a three dimensional simulation of the 
electric field and particle trace inside the IEC with an entry point for ions near the chamber wall 
to represent helicon injection. The electric field and an electrostatic profile was established for 
each of the test cases. That information was then used as the initial conditions for the particle 
tracing simulation for faster computation times along with the particle inlet properties of a 90 
degree spread of ions with equal energy, entering 100 particles at a time over 10 time steps 
between t=0 and t=1E-5 seconds for a total of 1,000 particles in the system. 
 Simulations were conducted on a high performance computer with 12 cores at 3.1 GHz 
and 32 GB of RAM. Each simulation took about 20 hours to complete and simulate the evolution 
of the system over 1 millisecond. Data analysis and post-processing was again conducted with 
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COMSOL to develop an intuitive understanding of how different configurations affect the 
trajectories and energies of the ions.  
6.3 Expectations and Results 
It was expected that all test cases would perform better than the baseline case of no ion 
extractor attached to the IEC. The Einzel Lenses, having been designed specifically for the task 
of ion collimation were expected to perform the best. The helix extractors were expected to 
perform better at ion extraction but not collimation. Overall for momentum exchange it was 
expected that the Einzel Lenses would perform the best, around the same as the electrostatic tube 
– a theoretical charged surface that would create a narrow electrostatic channel for ions to escape 
through. All extractor charged components were biased at -6 kV, while the IEC grid was biased 
to -8 kV, similar to current operating conditions in the HIIPER experiment. 
 With the final results, it was shown that the quadruple helix extractor, an opposing pair of 
charged and grounded helices, performed the best for momentum exchange, with similar 
performance to the electrostatic tube. The Einzel lenses did not perform as well for focusing 
purposes, which may be because the lenses have a more limited incoming trajectory divergence 
for ions than the IEC outputs. As a sanity check, the output velocities generated by all test cases 
were compared to previous analytical work on HIIPER and basic physics which confirmed that 
the velocities were within reasonable limits. The conclusions of the simulations were that the 
quadruple helix extractor or similar confinement and extraction device should be investigated in 
more depth experimentally or with more complex simulations. 
6.4 Discussion of Work Conducted 
 The implications of this study are that it may be possible to efficiently extract high 
energy particles from an IEC device that can be used for various purposes. As mentioned, 
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HIIPER is a space propulsion system, and momentum exchange is critical to its function. A 
future variant of the system is planned to use a Traveling Wave Direct Energy Converter 
(TWDEC) to extract energy from a fusing IEC device which depends on ions being extracted 
from the system at high energy and good collimation. 
 Throughout the development of this thesis a variety of skills, concepts, and intuitive 
understandings were gained. Working in depth with COMSOL Multiphysics on this work 
coupled with additional work completing full 3-D plasma simulations inside the IEC outside the 
scope of this thesis has potentially enabled future designs to proceed more quickly and consume 
fewer resources in the process. The concept of electrostatic channels and how they can be 
manipulated to achieve particular behaviors in ions was also investigated. 
6.5 Contribution to HIIPER and Future Work 
 The development of this series of simulations was a beginning step in a series of potential 
simulations that can more accurately describe a variety of operating modes and the physics inside 
the IEC and HIIPER as a whole. This particular simulation can be more fully developed by the 
introduction of electrons into the simulation, different ion species and different gas species, as 
well as taking into account neutral gas collisions. Finally, these simulations can be compared 
with plasma simulations of the IEC currently in development and also be verified 
experimentally. 
 For the ion extractors that were designed and tested in these simulations, placing them 
inside the future simulations described would allow an investigation into the changes in 
performance based on conditions. Experimental verification would also be a requisite to confirm 
the results in these simulations and verify their accuracy. Once that is complete, further design 
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work can be carried out through the use of computing resources to more rapidly and efficiently 
progress the design of HIIPER and its components. 
 Another concept to investigate for ion extraction from the IEC is a connection between 
ambipolar diffusion, the sonic velocity in plasmas, and a more fluid mechanical treatment of the 
plasma in the IEC. Run at sufficiently high densities, it may be possible to extract higher density 
plasmas from the IEC, confined using a nozzle concept similar to the ones used in aerospace 
applications. These would differ from magnetic nozzles by having the plasma closest to the 
physical nozzle screen out the electric field to the plasma inside, and with a high enough density 
acts as a barrier to prevent plasma from escaping. From a space propulsion viewpoint it would be 
a reducing in specific impulse, the measure of efficiency, but could present a significant increase 
in thrust, something that electric propulsion systems have had as a significant design limitation. 
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